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A commentary on 

Predictive modeling by the cerebellum 
improves proprioception 

by Bhanpuri, N. H., Okamura, 
A. M., and Bastian, A. J. (2013). 
J. Neurosci. 33, 14301-14306. doi: 
1 0. 1 523/JNEUROSCI. 0784- 13.2013 

Proprioception is the ability to interpret 
our musculoskeletal state (e.g., position 
and movement) by processing information 
originating from our own body. While it 
is generally accepted that passive proprio- 
ception (i.e., proprioception in the absence 
of muscle contraction) is dependent only 
on the processing of peripheral inputs, the 
precise nature of the processes constitut- 
ing active proprioception (i.e., proprio- 
ception with muscle contraction) is still 
not clear (Proske and Gandevia, 2012). 
Central to this knowledge gap is the dif- 
ficulty in accurately determining the pro- 
cesses responsible for the improvement of 
proprioception in active compared to pas- 
sive movements (e.g., Fuentes and Bastian, 
2010). This improvement is assumed 
to potentially result from [1] enhanced 
peripheral muscle information (through 
gamma motoneurons of the muscle spin- 
dles), [2] the direct transmission of a copy 
of motor commands (i.e., efference copy) 
from motor to sensory processing areas, 
and/or [3] the involvement of predictive 
models through the cerebellum (Wolpert 
and Miall, 1996; Bhanpuri et al., 2012; 
Proske and Gandevia, 2012). Here, based 
on the results of Bhanpuri et al. (2013), we 
propose that cerebellar predictive models 
can fully account for the improvement of 
proprioception in active movements. We 
also describe the cellular arrangement that 
may underlie the involvement of predictive 
models in proprioception. 



In their recent study, Bhanpuri et al. 
(2013) tested proprioception in cerebel- 
lar patients and well matched controls. 
They measured perceptual thresholds of 
the dominant arm using an exoskeleton 
robot system in three proprioceptive tasks: 
passive, active (active-simple), and active 
with a complex pattern of resistive torque 
during forearm displacement making 
this displacement unpredictable (active- 
complex). Based on Weber fractions, con- 
trols demonstrated better proprioception 
in the active-simple task compared to the 
passive (p < 0.005) and active-complex 
tasks (p < 0.022), which were not different 
from each other (p > 0.38). In con- 
trast, no differences were found between 
any of the tasks in cerebellar patients 
(all p > 0.28), who performed worse 
than controls in the active-simple task 
(p < 0.03). 

The similar performance observed in 
the passive and active-complex task in 
controls reveals that the proprioceptive 
benefit usually observed in active com- 
pared to passive conditions is neither 
related to an enhancement of informa- 
tion from the peripheral muscle [1] nor 
to the direct transmission of an efference 
copy from motor to sensory areas [2]. 
Indeed, these two processes may have 
been operating in the active-complex 
task but did not improve proprio- 
ceptive performance compared to the 
passive task. Furthermore, the absence 
of improvement in the active-simple 
task compared to the passive task in 
cerebellar patients demonstrates that 
the improved proprioception observed 
in the active-simple task in controls 
can be fully accounted for by a pro- 
cess located in the cerebro-cerebellar 
loop. Finally, cerebellar patients demon- 
strated a lower performance level than 



controls in the active-simple (predictable) 
task but not in the active-complex 
(non-predictable) task. Therefore the 
process that is most likely responsible 
for the improvement in propriocep- 
tion is predictive modeling, which 
is thought to be supported by the 
cerebellum [3]. 

A recent study in mice demonstrates 
that individual granule cells in the cere- 
bellum can mix proprioceptive affer- 
ents from the spinocerebellar tract and 
efference copy from the cerebral cortex 
(Huang et al., 2013). This multimodal 
arrangement provides the anatomical basis 
for converting motor corollary discharges 
into sensory coordinates. Indeed, gran- 
ule cells can generate action potentials in 
response to a single input (Rancz et al., 
2007). Therefore, sensory and motor- 
related inputs can potentially substitute 
for one another to fire a granule cell. 
The nature of the granule cells' out- 
put is still unknown. However, stud- 
ies testing experimental phantom limbs 
by blocking peripheral nerves revealed 
conscious sensations of limb movement 
in the absence of any sensory input 
when subjects attempted to move (e.g., 
Gandevia et al., 2006). This result clearly 
supports a conversion of the efference 
copy from motor to sensory coordinates 
making proprioceptive prediction possi- 
ble. 

So far, the literature has emphasized 
the role of predictive models in the con- 
trol of movement where intended actions 
are compared with actual actions to gen- 
erate error signals. However, results from 
Bhanpuri et al. (2013) as well as stud- 
ies of phantom limbs demonstrate that 
the purpose of cerebellar processes is not 
only motor control but also propriocep- 
tion per se. 



Frontiers in Human Neuroscience 



www.frontiersin.org 



April 2014 | Volume 8 | Article 212 | 1 



Boisgontier and Swinnen 



Proprioception in the cerebellum 



ACKNOWLEDGMENTS 

This research was supported by 
the Interuniversity Attraction Poles 
Programme initiated by the Belgian 
Science Policy Office (P7/11) and the 
Research Fund KU Leuven (OT/1 1/071). 

REFERENCES 

Bhanpuri, N. H., Okamura, A. M., and Bastian, A. J. 
(2012). Active force perception depends on cere- 
bellar function. /. Neurophysiol. 107, 1612-1620. 
doi: 10.1152/jn.00983.2011 

Bhanpuri, N. H., Okamura, A. M., and Bastian, 
A. J. (2013). Predictive modeling by the cere- 
bellum improves proprioception. /. Neurosci. 
33, 14301-14306. doi: 10.1523/JNEUROSCI.0784- 
13.2013 

Fuentes, C. T., and Bastian, A. J. (20 10) . 
Where is your arm? Variations in pro- 
prioception across space and tasks. /. 
Neurophysiol. 103, 164-171. doi: 10.1152/jn. 
00494.2009 



Gandevia, S. C, Smith, J. L„ Crawford, M., Proske, 
U., and Taylor, J. L. (2006). Motor commands con- 
tribute to human position sense. /. Physiol. 
571, 703-710. doi: 10.11 13/jphysiol.2005. 
103093 

Huang, C. C, Sugino, K., Shima, Y., Guo, C, Bai, 
S., Mensh, B. D., et al. (2013). Convergence of 
pontine and proprioceptive streams onto multi- 
modal cerebellar granule cells. Elife 2:e00400. doi: 
10.7554/eLife.00400 

Proske, U., and Gandevia, S. C. (2012). The 
proprioceptive senses: their roles in sig- 
naling body shape, body position and 
movement, and muscle force. Physiol. 
Rev. 92, 1651-1697. doi: 10.1152/physrev. 
00048.2011 

Rancz, E. A., Ishikawa, T., Duguid, I., Chadderton, 
P., Mahon, S., and Hausser, M. (2007). 
High-fidelity transmission of sensory infor- 
mation by single cerebellar mossy fibre 
boutons. Nature 450, 1245-1248. doi: 10.1038/ 
nature05995 

Wolpert, D. M., and Miall, R. C. (1996). Forward 
models for physiological motor control. Neural 



Netw. 9, 1265-1279. doi: 10.1016/S0893- 
6080(96)00035-4 

Conflict of Interest Statement: The authors declare 
that the research was conducted in the absence of any 
commercial or financial relationships that could be 
construed as a potential conflict of interest. 

Received: 17 October 2013; accepted: 26 March 2014; 
published online: 09 April 2014. 

Citation: Boisgontier MP and Swinnen SP (2014) 
Proprioception in the cerebellum. Front. Hum. Neurosci. 
8:212. doi: 10.3389/fnhum.2014.00212 
This article was submitted to the journal Frontiers in 
Human Neuroscience. 

Copyright © 2014 Boisgontier and Swinnen. This is an 
open-access article distributed under the terms of the 
Creative Commons Attribution License (CCBY). The 
use, distribution or reproduction in other forums is per- 
mitted, provided the original author(s) or licensor are 
credited and that the original publication in this journal 
is cited, in accordance with accepted academic practice. 
No use, distribution or reproduction is permitted which 
does not comply with these terms. 



Frontiers in Human Neuroscience 



w w w.f ro ntiersin.org 



April 2014 | Volume 8 | Article 212 | 2 



